ABSTRACT In this paper, we used sputtering and screen-printing technology to develop a sensitive potentiometric ascorbic acid (AA) biosensor with the magnetic beads-ascorbate oxidase/graphene oxide/zinc oxide (MBs-AO/GO/ZnO) membrane-based arrayed screen-printed electrodes (SPEs). The morphology of membranes was characterized by using a scanning probe microscope (SPM) and a field-emission scanning electron microscope (FE-SEM). The sensing characteristics were analyzed via the voltage-time (V-T) measurement system. The potentiometric arrayed AA biosensor showed the exceptional average sensitivity of 70.68 mV/decade over a wide linear range of AA concentration (7.8125 µM-2 mM), the short response time of 25 s, the lower limit of detection (LOD) of 0.04 µM, and the excellent selectivity. Furthermore, we investigated other analytical parameters of the potentiometric arrayed AA biosensor, such as the temperature effects, the lifetime, and the average sensitivity under microfluidic flow. The optimal average sensitivity of the biosensor integrated with the microfluidic framework was 72.21 mV/decade under microfluidic flow. Finally, the biosensor was applied to the remote AA detection by using the wireless sensing system. The results indicated that the average sensitivity of the potentiometric arrayed AA biosensor based on MBs-AO/GO/ZnO was 77.38 mV/decade during the monitoring in a long distance.
related to biosensors in potentiometric mode and applied screen-printed arrayed electrodes (SPEs) on a plastic substrate are rare. Hence, a sensitive potentiometric arrayed AA biosensor using arrayed SPEs has been exploited in this work.
Graphene oxide (GO), is obtained by oxidation of graphene, is a water-dispersible graphene derivative [16] . Because of GO with abundant oxygen-containing functional groups (hydroxyl, carbonyl, and carboxyl groups), the high specific surface area, and its unique π − π stacking structure, GO can effectively enhance the enzyme immobilization [17] , [18] . These functional groups provide GO an ability which adsorbs the ions in the solution [19] ; it is conducive to improve the performance of a potentiometric biosensor. Besides, the charge transfer ability of membranes can be effectively improved owing to the excellent electrocatalytic activity [20] .
Magnetic beads (MBs) are a type of non-toxic magnetic particles [21] . Their high specific surface area provides an appropriate microenvironment for enzymes, can maintain the high activity of enzymes and enhance the enzyme immobilization (easily connect with biomolecules), thereby improving the catalytic reaction velocity of a sensing membrane [22] [23] [24] .
In this work, the sensing membranes were characterized by using a scanning probe microscope (SPM) and a fieldemission scanning electron microscope (FE-SEM) firstly. Next, we investigated that the analytical performances of the potentiometric arrayed AA biosensor in the range of AA concentration from the concentration of scurvy (0.007 mM, 0.12 mg/dL) to the concentration of high-vitamin C (2 mM, 35.22 mg/dL), including sensitivity, response time, LOD, selectivity, temperature effects, and lifetime. Very recently, microfluidics has been applied to a lot of analyses of sensing characteristics because it provides short response time and reduces wastage of reagent [25] , [26] . In order to keep up with this unavoidable trend, the sensitivity and linearity of the potentiometric arrayed AA biosensor under microfluidic flow have been analyzed in this work. In, addition, remote detection also has come into the research focus [27] , [29] . Therefore, an XBee module based on the ZigBee standard was applied to realizing the AA detection in a long distance.
II. EXPERIMEANTAL A. FABRICATION OF POTENTIOMETRIC ARRAYED AA BIOSENSOR
In our previous study [30] [31] [32] , the detailed information of chemicals can be found, and more details of the fabrication process are illustrated. All chemicals used in this work were of analytical grade and used without further purification. Apart from this, the ZnO (99.99% purity) target, was purchased from Ultimate Material Technology Co., Ltd. (Taiwan), was used to deposit the sensing membranes on a polyethylene terephthalate (PET) substrate. The process steps were simply described as follows:
(1) A PET substrate (Dimension: 3 cm × 3.5 cm) was cleaned by the standard preprocesses.
(2) The silver arrayed electrodes were printed onto a PET substrate by using screen-printing technology.
(3) ZnO membranes were deposited on a PET substrate via the radio frequency (RF) vacuum sputtering system; the deposition parameters are shown in Table 1 . (4) Epoxy was used to determine the sensing area of windows and protect silver conductive wires from a solution (Dimension: 1.77 mm 2 ).
(5) According to the optimal parameter of GO solution [30] , the 0.3 wt% GO solution was used to modify ZnO membranes by using the drop-coating method.
(6) The cross-linker (3-glycidoxypropyl-trimethoxysilane (GPTS): toluene, vol. ratio: 1:4) were dropped on ZnO/GO membranes to effectively connect enzymes with a carrier.
(7) According to the optimal ratio of the enzymatic solution (MBs: ascorbate oxidase (AO), vol. ratio: 1:1) [31] , the MBs-AO solution was immobilized on GO/ZnO membranes.
(8) After complete the enzyme immobilization, the potentiometric arrayed AA biosensor based on MBs-AO/GO/ZnO was stored in a refrigerator at 25 • when not in use. After following the process steps, the biosensor was fabricated successfully. The schematic diagrams of the potentiometric arrayed AA biosensor based on MBs-AO/GO/ZnO are shown in Fig. 1 . The functions of each layer are addressed as follows: Silver acts as the reference electrodes and conductive VOLUME 7, 2019 wires. ZnO is used as a basic sensing matrix. GO can increase a large number of surface active sites owing to the abundant oxygen groups and the layer structure, can enhance the sensing characteristics. MBs provide the high surfacevolume ratio for the immobilization of enzymes increasing the enzyme loading on a membrane. AO is used as the biometric layer, catalyzes AA and can prevent the noises of other interfering substances, is the main reaction layer of the potentiometric arrayed AA biosensor.
B. POTENTIOMETRIC MEASUREMENT SYSTEM
In this work, we used two types of measurement systems to characterize the analytical performances of a biosensor. The voltage-time (V-T) measurement was used to measure most of the sensing parameters. After determining the sensing parameters, the wireless sensing system was applied to the remote monitoring for the AA detection further. Two types of measurements are described as follows:
The V-T measurement system was composed of a power supply, a readout circuit, a data acquisition card (DAQ card, Model: NI USB-6201, National Instrument Corp., U.S.A.), and a computer with the LabVIEW program [33] . The readout circuit consists of the six instrumentation amplifiers (LT1167, Analog Devices, Inc., U.S.A.). In terms of the signal communication, the signals were sent to the DAQ card to intercept the bioelectronic signal and convert the analog signals into the digital signals, then the signals were processed through a computer with the LabVIEW program.
The wireless sensing system was composed of a set of XBee module, an Arduino Mega 2560, a readout circuit, a power supply, and a computer with the LabVIEW program [34] . A set of XBee module included a router and a coordinator, they were used as the transmitter and the receiver, respectively. The readout circuit was composed of the six instrumentation amplifiers (AD623, Analog Devices, Inc., U.S.A.). The Arduino Mega 2560 (Atmel Corporation, U.S.A.), is the microcontroller board based on the ATmega 2560, which is supplied to the XBee router and the readout circuit, respectively. In terms of the signal communication, through controlling of the Arduino Mega 2560, the XBee router received the measurement signals and wirelessly sent the measurement signals to the XBee coordinator, and the signals were transmitted to a computer with the LabVIEW program.
The measurement systems have been reported in our previous work [33] , [34] ; the measuring principle for potentiometric biosensors via both measurement systems was explained in detail. In addition, the photo in realistic measurement is shown in Fig. 2 , which the biosensor was measured via the wireless sensing system.
C. MICROFLUIDIC FRAMEWORK
According to the previous investigation [35] , the microfluidic device was fabricated by using polydimethylsiloxane (PDMS) and curing agents. The 2D pattern of the microfluidic channel is shown in Fig. 3 the height is 25 µm. The two acrylic sheets were used to fix a potentiometric arrayed AA biosensor and the microfluidic device (sandwich structure), as shown in Fig. 4(b) . Next, they were respectively integrated with a pump and an injector via pipes and with the V-T measurement system via conductive wires. The schematic diagram of the microfluidic framework is shown in Fig. 4 . During measurement, the test solution was pumped through the microfluidic channel by an injector and a pump. Subsequently, the flow rate was controlled by a pump. The average sensitivity and linearity of a biosensor at different flow rates of microfluidic flow was analyzed in this work.
D. INSTRUMENTS
The RF vacuum sputtering system was used to deposit ZnO membranes. The semi-automatic screen printer (Model: HJ-55AC, Taiwan), which was used to print arrayed electrodes and encapsulation, was purchased from Houn Jien Co., Ltd. The thermostatic water bath and the temperature controller (Model: TAIE FY-400, Taiwan) were used to investigate the temperature effects of biosensors, were purchased from Taiwan Instrument & Control Co., Ltd. The FE-SEM equipped with an energy dispersive X-ray spectrometry (EDS) detector (Model: JSM-6701F, Japan) was used to investigate the morphology and elemental analysis of membranes, was purchased from JEOL Ltd. The SPM (Model: Dimension Icon, U.S.A) was used to examine the surface roughness of membranes, was purchased from Bruker Corp. 
III. RESULTS AND DISCUSSION

A. MORPHOLOGY AND SURFACE ROUGHNESS OF MEMBRANES
The ZnO membrane was deposited on a Si substrate, and the FE-SEM images are shown in Fig. 5(a-b) . The top view of the ZnO membrane showed granular and compact. The thickness is 109.2±5.0 nm (10 sampling points). Apart from this, the FE-SEM top view images of GO membrane were shot in different magnifications, as shown in Fig. 5(c-d) . The surface morphology exhibited a crumpled structure because GO sheets were intensely folded and stacked. As shown in Fig. 6 , the EDS spectrum showed that obvious Zn, O, and Si peaks could be observed. The Si peak was originated from a Si substrate. The EDS results were in accordance with expectations.
The surface roughness of the membranes was examined via SPM, including ZnO, GO/ZnO and MBs/GO/ZnO membranes. The image projected surface area was set as 2500 µm 2 (50µm × 50µm) to analyze roughness of films on the large area. The morphologies of different membranes are shown in Fig. 7 . ZnO showed a platform as shown in Fig. 7(a) ; GO/ZnO was flake as well as showing large peaks and valleys as shown in Fig. 7(b) ; MBs/GO/ZnO exhibited more intensively small peaks and valleys as shown in Fig. 7(c) . Image R q is the root mean square average of height deviations measured from the mean data plane [36] . The image R q were 67.5 nm, 117 nm, and 316 nm for ZnO, GO/ZnO, and MBs/GO/ZnO, respectively. The surface roughness analysis exhibited that the image R q of MBs/GO/ZnO was increased obviously. The surface roughness of the membranes is enhanced efficiently. The roughness of membrane is usually related to electrochemical reaction, enzyme loading, and the electrocatalytic activity of the electrode; the increment of the surface roughness can enhance the sensing properties of a biosensor [37] , [38] .
B. AVERAGE SENSITIVITY AND LINEARITY
The sensing mechanism of the potentiometric arrayed AA biosensor is based on an enzymatic reaction catalyzed by AO, as shown follows [39] , [40] :
From the formula (1), AA will be converted into dehydro-L-ascorbic acid, hydrogen ions (H + ) and electrons. Because AA is catalyzed in high rate by AO, the produced H + will affect the pH value in the micro-surrounding of the sensing electrode. The surface potential of the sensing electrode is changed further owing to the micro-variation of the pH value. According to the Nernst equation and our previous VOLUME 7, 2019 study [32] , [41] , the sensing mechanism can follow the equation (2) .
where E is the electromotive force (EMF), E 0 is the standard potential of the reference electrode, R is the gas constant, T is the temperature in Kelvins, F is the Faraday's constant, and pH is the pH of the electrolyte. The potentiometric arrayed AA biosensor based on MBs-AO/GO/ZnO was immersed in 50 mM PBS solutions (pH 7.0) over an AA concentration (7.8125 µM-2 mM), and then the data were recorded via the V-T measurement system. The average response voltages (mean) and the error bars (standard deviation, SD) were obtained from the response voltages of the six windows (1.77 mm 2 per window). According to the obtained data, the average sensitivity and linearity were calculated by Origin 7.0. The potential response curves are shown in Fig. 8 . The average sensitivity and linearity of the potentiometric arrayed AA biosensor based on MBs-AO/GO/ZnO were 70.68 mV/decade and 0.996, respectively.
C. RESPONSE TIME
Response time is the period of time that achieve 95% of the steady state voltage from the origin state voltage over the whole concentration range [23] . Origin state can be defined as a baseline, which is the output voltage measured that the biosensor is immersed in a buffer solution without any analytes [42] . Steady state is the output voltage that the biosensor is in a buffer solution with analytes. In this study, the potentiometric arrayed AA biosensor based on MBs-AO/GO/ZnO was immersed in a pure 50 mM PBS (pH 7.0) solution, and the response voltage maintained the steady state for 30 s. Next, AA added into a pure 50 mM PBS solution (PBS solution with 0.125 mM AA concentration) to observe the response voltages of the biosensor. According to the definition, its response time is the period of time of the response voltage between the origin state and the 95% steady state. As shown in Fig. 9 , the potentiometric arrayed AA biosensor based on MBs-AO/GO/ZnO exhibited the low response time of 25 s.
D. LIMIT OF DETECTION
Limit of detection (LOD) is defined as the lowest concentration of analytes in a sample that can be detected, not quantitated. It is expressed as a concentration at a specified signal-to-noise ratio, the ratio is usually three-to-one (S/N = 3) following the equations (3 and 4) [43] :
where LOD is the limit of detection, S 0 is the sensitivity, σ is the standard deviation, means the sum, x is a value in the data set,x is the mean of the data set, and n is the number of data points. The response voltages of the potentiometric arrayed AA biosensor based on MBs-AO/GO/ZnO were measured in a pure 50 mM PBS solution (pH 7.0) via the V-T measurement system, and the measurements were repeated for 7 times (N = 7). Next, the mean of the response voltages was as the baseline and the standard deviations (σ ) were calculated. The results were: S 0 was 70.68 mV/decade,x was 531.13 mV, and σ was 9.75×10 −2 mV. Finally, the LOD was obtained according to the equations (3 and 4). The potentiometric arrayed AA biosensor based on MBs-AO/GO/ZnO performed the low LOD of 0.04 µM.
E. SELECTIVITY
Glucose and uric acid (UA) possibly introduce some noises, thereby the affecting response of a potentiometric AA biosensor [44] , [45] . In addition, the interfering substances in amperometric mode were also used for the test of selectivity, such as urea [46] . Thus, the common interfering substances in human blood were used to examine the selectivity of the potentiometric arrayed AA biosensors, including glucose, urea, and UA. For experimental details, the AA biosensor was immersed in a 50 mM PBS solution with 0.06 mM AA concentration until the response voltage maintained equilibrium. After that, glucose, urea, and UA were sequentially added into a PBS solution per 60 s. Finally, the AA concentration was increased to 0.125 mM (the saturation concentration in human blood) in order to demonstrate the specificity of the biosensors.
As shown in Fig. 10 , these interfering substances have no influence on the response voltage. In other words, the results indicated the exceptional specificity of AO toward AA. The potentiometric arrayed AA biosensor based on MBs-AO/GO/ZnO displayed the excellent selectivity.
F. TEMPERATURE EFFECTS
In order to carry out the temperature effects, the thermostatic water bath and the temperature controller were used to control and maintain the temperature of the water bath, and then the test solutions and biosensor were placed in the thermostatic water bath. The temperature range was from 25 • C (room temperature) to 65 • C. The biosensor was measured in 50 mM PBS solutions (pH 7.0) over an AA concentration (7.8125 µM-2 mM) and within a temperature range from 25 • C to 65 • C via the V-T measurement system. As shown in Fig. 11 and Table 2 , the average sensitivities of the biosensors based on MBs-AO/GO/ZnO increased continuously within the temperature range from 25 • C to 45 • C; the average sensitivity for MBs-AO/GO/ZnO was increased from 71.10 mV/decade to 75.61 mV/decade. Temperature is a factor for the sensitivity of a potentiometric biosensor according to the Nernst equation. Because the raised temperature, the sensitivity of the AA biosensors was increased accordingly. Furthermore, the activity of an enzymatic membrane will influence the sensitivity of a biosensor when the temperature is changed. The average sensitivity of the biosensor based on MBs-AO/GO/ZnO decreased from 75.61 mV/decade to 60.35 mV/decade. As shown in Table 2 , the average sensitivity of the biosensor merely had a little decrement within the temperature range from 45 • C to 55 • C. However, the average sensitivity was dropped significantly when the temperature was increased to 65 • C. Based on the previous study [47] , the maximal activity of the AO is 50 • C. AO will enter denaturation once the temperature exceeds 60 • C. As a consequence, the average sensitivities of the AA biosensors had a tremendous drop at 65 • C. Besides, J. C. B. Fernandes et al. [46] analyzed the response of the potentiometric biosensor based on AO within the range from 25 • C to 50 • C. The results indicated that the best response of the biosensor was obtained at higher temperature. Kannouji et al. [48] investigated the thermal stability of the immobilized AO on a polycarbonate (PC) strip at different temperatures from 40 • C to 70 • C. The immobilized AO retained about 75% residual activity at 50 • C. These studies showed that the sensitivity depended on the activity of AO. According to the results, the biosensor was suitable for a temperature range from 25 • C to 55 • C for the determination of AA.
G. LIFETIME AND DECAY RATE
Most biosensors have a certain lifetime because of a critical drawback, which the biological materials usually have a fairly limited lifetime [49] . In general, biosensors are tested their lifetime in different storage time under identical conditions. Lifetime is defined as the storage or operational time necessary for the decreased sensitivity to 90% within the linear concentration range [50] . In this study, the measuring time for the lifetime was 29 days. The average sensitivities of the biosensor were recorded at room temperature every 7 days, and the biosensor was stored in a refrigerator at 4 • C when not in used. After that, the relative average sensitivity (S) were determined according to the equation (5) . The equation (5) is shown as follows:
where S is the relative average sensitivity, S test is the average sensitivity measured on the different time, S initial is the initial average sensitivity. The S was continuously measured on the different dates until the S was decreased to 90%; this period of time is the lifetime of a biosensor. Furthermore, the decay rate (average sensitivity vs. time) was calculated by using Origin 7.0. The data measured on the different time are shown in Fig. 12 and Table 3 . As shown in Fig. 12 , the decay rate of the potentiometric arrayed AA biosensor based MBs-AO/GO/ZnO was 0.47 mV/decade-day. The relative average sensitivities maintained above 80% within 29 days. It could be proven that the potentiometric arrayed AA biosensor possess the stability in used for a long period.
H. SENSING CHARACTERISTICS UNDER DYNAMIC MICROFLUIDIC FLOW
All experiment details were as similar as Section B.
In order to analyze the average sensitivities under dynamic [44] , [45] , [51] [52] [53] [54] .
microfluidic flow, the potentiometric arrayed AA biosensor was placed in the microfluidic device. Subsequently, the test solution was injected into the microfluidic channel by a pump and an injector. The flow rates were set as a range of 0 µL/min-30 µL/min. As shown in Fig. 13 and Table 4 , the best average sensitivity of the potentiometric arrayed AA biosensor based on MBs-AO/GO/ZnO was 72.21 mV/decade at the flow rate of 20 µL/min. The results indicated that the average sensitivities under microfluidic flow were better than under the static microfluid. In the previous study by the same research group [32] , the optimal average sensitivity of the AA biosensor MBs-AO/GO/IGZO/Al was 81.7 mV/decade at the flow rate of 25 µL/min. The results were in accordance with the previous study, the optimal flow rate was still within a range of 15 µL/min to 25 µL/min.
I. REMOTE MONITORING
In order to realize the remote monitoring, the potentiometric arrayed AA biosensor based on MBs-AO/GO/ZnO was measured via the wireless sensing system. As shown in Fig. 14 , the results indicated that the average sensitivity and linearity were similar to Fig. 8 (via the V-T measurement system). The large error bars were due to the different measurement systems. In terms of the difference in both the measurement systems using the different analog-to-digital converters, the Arduino Mega 2560 of the wireless sensing system was used instead of the NI DAQ card of the potentiometric measurement system. The resolutions of Arduino Mega 2560 and NI DAQ card are respectively denoted 10 bits and 16 bits. Based on the reason, the errors of the wireless sensing system were larger than them of the V-T measurement system. The reliability of the wireless sensing system was also excel- lent although the standard deviations of this system were larger than them of the V-T measurement system. In this study, the average sensitivity and linearity of the potentiometric arrayed AA biosensor based on MBs-AO/GO/ZnO were 77.38 mV/decade and 0.990, respectively.
J. COMPARISONS OF AA BIOSENSORS
The comparison of different potentiometric AA biosensors in recent years are summarized in Table 5 [44], [45] , [51] [52] [53] [54] . In this study, the potentiometric arrayed AA biosensor based on MBs-AO/GO/ZnO showed the average sensitivity of 70.68 mV/decade and the linearity of 0.996 over a wide AA concentration range (7.8125 µM-2 mM). The sensitivity has been higher than most AA biosensors. In addition to the VOLUME 7, 2019 exceptional average sensitivity, the biosensors had the fast response time (25 s) and the low LOD (0.04 µM). The results showed that this structure of the biosensor will be promising for the determination of AA.
IV. CONCLUSION
The sensitive potentiometric AA biosensor using MBs-AO/GO/ZnO membranes-based arrayed SPEs has proposed in this work. A variety of analytical performances of the biosensor were characterized, including the remarkable sensitivity of 70.68 mV/decade over a wide range of AA concentration (7.8125 µM-2 mM), the short response time of 25 s, the low LOD of 0.04 µM, the good selectivity, the suitable range of temperature from 25 • C to 55 • C, the long storage stability, and the optimal sensitivity of 72.21 mV/decade at the flow rate of 20 µL/min. The analytical performances of this biosensor are better than most of the potentiometric AA biosensors in recent years, and the facile fabrication processes provides a promising method for potentiometric biosensors. Furthermore, the reported biosensor was successfully applied to the remote monitoring for AA. By applying the wireless sensing system, the average sensitivity and linearity of the potentiometric arrayed AA biosensor based on MBs-AO/GO/ZnO were 77.38 mV/decade and 0.990, respectively. 
